For all these reasons, the goal of this work was to investigate plants affected by E and A, 101 through analyzing physiological perturbations on both herbaceous and woody samples in a 102 same plant. We focused on phenylpropanoid pathway by analysing the total phenolic 103 compounds, the stilbene content and the expression of 9 related genes. The expression of 11 104 stress defense response genes and 2 water-stress related genes as well as the abscisic acid 105 quantification were also performed. Moreover, known fungal metabolites such as 6-106 methylsalicyclic acid, terremutin, scytalone, isosclerone, (R)-mellein and (3R,4R)-4-107 hydroxymellein were quantified to characterize the fungus-plant interaction. 108 considered as E plants. Four groups of samples were defined for green stems: C (stems from 120 control plants), A and E (symptomatic stems from apoplectic (A) and Esca proper (E)-121 affected plants) and aS (asymptomatic stems from A and E plants) (Fig. 1) . In woody tissues, 122 2 types of samples were studied: asymptomatic and black streaked wood. Black streaking 123 consists of single or more xylem vessels gathered into individual blackish brown bundles 124 Other fungi associated with grapevine trunk diseases, such as Botryophaeriaceae species and 138 E. lata were also isolated. In the opposite, no fungi were detected from either non discolored 139 wood of trunk and cordons, or discolored and non-discolored woody tissues of one-year-old 140 stems, as well as from green stems of control or diseased plants (Spagnolo et al. 2012). 
considered as E plants. Four groups of samples were defined for green stems: C (stems from 120 control plants), A and E (symptomatic stems from apoplectic (A) and Esca proper (E)-121 affected plants) and aS (asymptomatic stems from A and E plants) (Fig. 1) . In woody tissues, 122 2 types of samples were studied: asymptomatic and black streaked wood. Black streaking 123 consists of single or more xylem vessels gathered into individual blackish brown bundles 124 (Surico et al. 2008 ). Both woody tissues were sampled in young annual rings (estimated less 125
than 5-year-old wood, Fig. 1 ). Finally, six groups of samples were defined for woody organs 126 (cordon and trunk): asymptomatic wood of control (C1), Esca proper-affected (E1) and 127
apoplectic (A1) plants; and black streaked wood of control (C2), Esca proper-affected (E2) 128
and apoplectic (A2) plants (Fig. 1) . Plant tissues were frozen in the field with liquid nitrogen 129 relative expression in grapevine tissues of diseased plant (A or E) versus those corresponding 167 to control (C). 168
Control samples consisted of plant tissues (green stem, C; cordon, C1 and C2; and trunk, C1 169 and C2) collected from control plants. The analyzed genes were considered significantly up-170 or down-regulated when change of their expression was >2× or <0.5× respectively. 171
Quantification of total polyphenols and phytoalexins 173
Sample extraction: Methanolic extracts were prepared from 50 mg of powdered herbaceous 174
and woody tissues mixed with 1 ml of methanol (MeOH) and 25 µL of the internal standard 175 trans-4-hydroxystilbene (0.5 mg mL -1 ) according to Spagnolo et al. (2014) . 176
Quantification of total phenolic compounds: Total phenolics were determined by using the 177 The method described by Schmelz et al. (2004) was used with some modifications. Sample 246 preparation: 300 mg of grapevine powdered tissues were transferred to a screw cap tubes and 247 homogenized twice with 1mL of extraction buffer (1-propanol/H 2 O/HCl: 2/1/0.005) at 70°C. 248
Samples were transferred to a glass tube and 100 ng of internal standard abscisic acid-d6 249 (Santa Cruz Biotechnology, www.scbt.com) was added. Two mL of methylene chloride was 250 added to each sample and mixed for 15 s with a vortex and centrifuged at 2000 g for 20 min. 251
The lower organic phase was transferred into a 4 ml glass vial and dried by the addition of 252 anhydrous Na 2 SO 4 . Before derivatisation, the volume of various conditions. Differences at P<0.05 were considered to be significant. 280
281

RESULTS
282
Expression of genes involved in the phenylpropanoid metabolism 283
We designed primers for enzymes involved in the phenylpropanoid metabolism, including the 284 proteins leading to the synthesis of phytoalexins (stilbenoids) and phytoanticipins 285 (flavonoids). The expression analysis of 9 genes revealed a perturbation in the transcripts 286 accumulation in the 3 organs (green stems, cordons and trunks) of E and A plants. The 287 amounts of their transcripts in green stems of E plants were similar to those observed in the 288 control plants (Fig. 2) . In A plants, the analysis in green stems highlighted an up-regulation of 289 a stilbene synthase (STS) and a down-regulation of 4 genes namely a caffeoyl-CoA O-290 methyltransferase (CCoAOMT), 2 isoflavone reductase (IFRhom and IFRL4) and a peroxidase 291 (POX4) (Fig. 2) . In woody tissues, the transcript profile was most perturbed in the black 292 streaked wood of diseased plants (Fig. 2) . In cordons, a down-regulation of IFRhom and 293 IFRL4 expression, 2 genes involved in flavonoid pathway, was observed in the black streaked 294 wood of plants affected by Esca proper (E2) and apoplexy (A2), respectively. In the opposite 295 transcript accumulation of STS was stimulated in the black streaked wood of diseased plants 296 (A2 and E2; Fig. 2 ), while that of phenylalanine ammonia lyase gene (PAL) was solely 297 increased in the black streaked wood of A plants (A2). Only CCoAOMT expression was 298 repressed in the asymptomatic cordon wood of E plants (Fig. 2) . Even if the transcript 299 accumulation of the STS gene was slightly stimulated in the trunk of A (A1, A2) and E (E1) 300 plants, no significant modification of the transcript profile was noticed for PAL (Fig. 2) . 301 IFRL4 and flavonoid-3'-hydroxylase (F'3H) genes were up-regulated in asymptomatic wood 302 of A and E plants, respectively (Fig. 2) . In the meantime, leucoanthocyanidin dioxygenase 303 (leucoAND) was up-regulated in the trunk of A plants (A1, A2, Fig. 2) . 304
305
Total polyphenolic and stilbene content 306
The amount of phenolic compounds was analyzed in the three organs (green stems, cordons 307 and trunk) of control and diseased plants, by monitoring total phenolics and stilbenoids that 308 are key molecules in vine defense responses. The content of trans-piceid, trans-resveratrol, 309 (Table  310 2). The accumulation of the trans-piceid was quantified as it is a nontoxic glycosylated 311 derivate of trans-resveratrol, which could be a form of trans-resveratrol storage in the plant 312
trans-ε-viniferin, trans-vitisin A and trans-vitisin B was quantified in various samples
(Belhadj et al. 2006). 313
In green stems, no difference was recorded in total phenol content between control and 314 diseased plants (Table 2) . Focusing on stilbenes, a slight content of trans-piceid was detected 315 in green stems with apparent foliar symptoms (A and E). Moreover, trans-resveratrol and 316 trans-vitisin B were significantly accumulated in green stems of A plants (Table 2 ). In wood, 317 the content of phenolics fluctuated depending on the samples. In the cordons, contents of 318 trans-piceid, trans-ε-viniferin and trans-vitisin A were higher in the black streaked wood 319 when compared to the asymptomatic wood, whatever the control or diseased plants (Table 2) . 320
Moreover, trans-vitisin B was quantified in A plants and in the black streaked wood (E2) of E 321 plants (Table 2 ). In the trunk, total polyphenolic compounds were more important in the black 322 streaked wood than in asymptomatic wood, in both control and diseased plants. Total 323 polyphenolic compounds may indicate an accumulation of phenols related to the age of the 324 wood, the level of phenols being higher in the trunk than in the cordon (Table 2 ). An increase 325 of stilbenes related to the age of the wood was also observed in the black streaked wood (C2, 326 A2, E2). Nevertheless, we noted a lower level of stilbenes in the asymptomatic wood of trunk 327 when compared to cordons (C1, A1) ( Table 2) . These results may suggest that the 328 accumulation of phenolic compounds in the asymptomatic wood of the trunk cannot be 329 explained by the accumulation of stilbenes but by other phenols such as flavonoids. 330
Moreover, the accumulation of total polyphenolic compounds seemed to be affected in the 331 asymptomatic wood of the trunk from diseased plants, with statistical significance for E1 332 (Table 2) . 333
PR protein transcript accumulation in green stems and woody tissues 334
The expression of six genes encoding PR-proteins was investigated: a basic chitinase class I 335 (Chit1b), a chitinase class IV (Chi4c), a chitinase class V (CHV5), a β-1,3-glucanase (GLUC), 336 a glucan endo-1,3-β-glucosidase (endoglu) and a serine proteinase inhibitor (PR6). In green 337 stems, the expression of the genes encoding PR proteins was higher in A than in E and aS 338 (Fig. 3) , although no perturbation of endoglu expression was noted in diseased plants. For the 339 to the appearance of foliar symptoms. Moreover, the transcript accumulation of GLUC was at 341 least 50-fold higher in A than in E and aS (Fig. 3) . 342
In wood, the transcript analysis indicated a perturbation of gene expressions with higher 343 amplitude in cordons, "young" tissues, than in trunks. For CHV5, Gluc and PR6 expression, 344 the highest induction was recorded in cordon of A plants (A1 and A2, Fig. 3 ). Apart from a 345 slight induction of Chi4C gene expression in A1, no significant alterations for Chi4C (A2, E1 346 and E2), Chit1b and endoglu expression were observed in cordons (Fig. 3) . In trunks of 347 diseased plants, the expression of CHV5, Gluc and PR6 were increased. For both Gluc and 348 CHV5, the relative expression was 35-fold higher in asymptomatic wood of A1 and E1 plants 349 (Fig. 3) . For endoglu, its transcript accumulation was only observed in asymptomatic trunks 350 of A1 and E1, whereas the expression of both Chi4C and Chit1b genes was not affected in the 351 trunk of diseased plants. 352
353
Expression pattern of stress-related genes in green stems and woody tissues 354
To determine whether stress responses were triggered in A or E grapevines, the expression of 355 3 detoxification and stress tolerance genes were followed in green stems and woody tissues of 356 diseased plants (Fig. 4) : an epoxide hydrolase (epoxH2), a glutathion-S-transferase (GST1) 357 and a superoxide dismutase (SOD). Two genes encoding Heat Shock Protein (HSP) were also 358 investigated, 70kDa HSP (HSP70) and a small chloroplastic HSP (HSP). 359
In green stems, no significant changes of expression of these targeted genes occurred in aS of 360 diseased plants. GST1 gene was up-regulated in symptomatic stems by 20-and 4.5-fold 361 higher in A and E plants, respectively. Moreover epoxH2 was only and slightly up-regulated 362 in symptomatic green stems of A plants (Fig. 4) . A repression of HSP gene expression was 363 observed in symptomatic stems and was higher in A than in E plants (Fig. 4) . 364
Except for the GST1 gene, no significant changes occurred in cordons for the stress-related 365 genes (Fig. 4) . GST1 expression was 40-and 18-fold stimulated in A1 and A2 plants 366 respectively, whereas it was repressed by 4-fold in E1 and E2 plants. In the trunk, GST1 was 367 up-regulated in diseased plants by 5-fold in A1, E1 and E2 and by 10-fold in A2 (Fig. 4) . The 368 expression of epoxH2 was only induced in asymptomatic wood of diseased plants (A1, E1). In 369 the meantime, a general repression of HSP was observed in the trunk of diseased plants (Fig.  370   4) . Nevertheless, the relative expression of HSP was significantly induced in E1 (Fig. 4) . SOD 371 was down-regulated in asymptomatic wood of A1, while no significant change occurred in 372 A2, E1 and E2 (Fig. 4) . 373
374
Analysis of fungal metabolite contents 375
The role of fungal metabolites in causing symptoms on diseased-plants is still unclear. 376
Whereas the internal inspection of trunk described the presence of major causal agents of 377 trunk diseases (P. chlamydospora, P. minimum and F. mediterranea, E. lata and 378
Botryophaeriaceae species) in our experimental vineyard (Spagnolo et al. 2012 ), we screened 379 the different samples looking for phytotoxins from these various fungi. We checked fungal 380 metabolites, such as scytalone, 4-hydroxyscytalone for the presence of P. minimum and P. As the apoplexy is characterized by a sudden wilting of berries and leaves, we further 394 investigated the impact /participation of the hydric stress in symptom expression. In this optic, 395 we designed specific primers for an aquaporine, tonoplast intrinsic proteins (TIP1) involved 396 in water transport and a nine-cis-epoxycarotenoid dioxygenase 2 (NCED2) involved in the 397 biosynthesis of the water stress hormone, abscisic acid (ABA). Moreover, the content of ABA 398 was analyzed in green stems, cordons and trunks. Expression of TIP1 was up-regulated in 399 green stems (A) and cordons (A1 and A2) of A plants, but not in E plants (Fig. 6) . No change 400 of NCED2 expression profile was observed in diseased plants, except for a down-regulation 401 of NCED2 in trunks of E2 plants (Fig. 6) . The basal content of ABA was 1 ng mg -1 FW in 402 green stems. The content was 2-fold (0.50 ng mg -1 FW) and 4-fold lower (0.25 ng mg -1 FW) 403 in cordons and trunks, respectively (Fig. 7 ), but no difference was noticed in green stems and 404 cordons between control and diseased plants. For trunks, only a slight accumulation of ABA 405 was detected in black streaked wood of E plants (Fig. 7) . To compare the defense responses of grapevine affected by either E or A, we decided to target 420 the best characterized active defense mechanism, namely the phenylpropanoid pathway. Regarding woody tissues, we observed strong variations of phenolic contents between 436 asymptomatic and black streaked wood, for both control and diseased plants. These 437 differences can be explained by the presence/absence of trunk diseases agent inocula.
were isolated from black streaked wood, while no fungi were isolated from asymptomatic 440 wood (Spagnolo et al. 2012 ). Thus, the black streaked wood corresponds to the zone of 441 interaction between the plant and the fungal agents but no correlation has been observed 442 between the emergence of these lesions in the trunk and the capacity of the plant to slow 443 down the colonization by the fungi. Lambert et al. (2012) described in vitro the tolerance of 444
P. chlamydospora, F. mediterranea and P. minimum to various phenolics. For 445
Botryosphaeriaceae species, D. seriata was described to be more susceptible than N. parvum. 
Activation of detoxification process and accumulation of specific fungal metabolites 509
The major wood-infesting fungi P. chlamydospora, P. minimum, F. mediterranea, E. lata and 510 expressed in ng g -1 FW were determined in green stems: control stems (C) and symptomatic 864 stems (A and E), both cordon and trunk: asymptomatic (C1, A1 and E1) and black streaked 865
